Abstract. A technique is described for studying the distribution of blood flow to the maternal and fetal placental vessels in sheep and dogs with radioactive labeled macroaggregates of albumin.
Introduction
In studies of placental oxygen exchange it has been assumed that maternal and fetal blood flows are uniformly distributed to various regions of the placenta. On this basis, the partial pressure of oxygen (Po2) at the end of the placental capillaries has been inferred from Po2 tensions in blood draining the entire placenta. Differences in Po2 for maternal and fetal blood have been used to express the over-all function of the placenta in°2 exchange. Several recent studies suggest however, that the distribution of maternal placental blood flow and fetal placental flow are not uniform as previously assumed. These are: (a) Nonuniform distribution of the arteriolar orifices opening into the human intervillous space (1) . (b) Cineradioangiographic demonstrations of intermittent surging and blanching of maternal and fetal placental circulations in humans and primates (2) (3) (4) . (c) Comparison of placental exchange of oxygen which is relatively sensitive to uneven flow, and carbon monoxide which is relatively insensitive to uneven flow (5) .
The present studies were undertaken to determine quantitatively the distribution of both maternal and fetal blood flows in various regions of the placenta. The effect of uneven distribution of maternal and fetal placental flows on oxygen exchange is described. Furthermore, studies of the redistribution of placental flow during maternal hypoxia and when the placental circulation was compromised by ligation of a major branch of an umbilical artery are included.
Method
The basis of this experimental method was to inject macroaggregates of albumin (MAA) labeled with one isotope into the circulation of a pregnant animal. Simultaneously MAA labeled with a second isotope was injected into the circulation of the fetus-in-utero. The animals were sacrificed and the amount of each isotope in various portions of the placenta was measured. Assuming that the distribution of MAA reflects the distribution of blood flow, the pattern of distribution of the maternal placental flow, fetal flow, and the ratio of maternal to fetal flow were determined from the concentrations of each isotope in these specimens.
Macroaggregates of albumin
Macroaggregates of human serum albumin in aqueous suspension was prepared and labeled with either 'I or "I by a modification of the method of Taplin (6, 7) . The diameter of the particles ranged from 4 to 80 ,u. The median particle size was 15.8 pIs; 89% of the particles were over 9 IA in diameter. 1 mg of 'I MAA contained about 250,000 particles. The specific activity ranged from 30 ,uc to 3 mc of isotope per mg. 'I has a half-life of 57.4 days and a principle gamma emission of 35 kev. The specific activity of 'I MAA ranged from 800 ,c to 1.5 mc/mg.
1I has a half-life of 8.05 days and 80% of its gamma emission are 364 kev.
Experimental procedures
The distribution of placental blood flow was studied under three experimental conditions.
Breathing room air. Studies were carried out in eight near term ewes and their lambs, and in three pregnant mongrel dogs and their pups. A cardiac catheter was introduced through the right carotid artery under local anesthesia (lidocaine hydrochloride) and its tip positioned in the left ventricle. The animals were anesthetized (sodium pentobarbital, 20 mg/kg) and the gravid uterus was exposed through a right flank incision. In ewes a small branch of the umbilical vein was exposed by an incision through the myometrium but not into the amniotic cavity. MAA 
Analytical procedures
The uterus and attached placenta were removed from the animal and photographed. A scintillation scan of the distribution of each isotope was made over the entire placenta.' From 10 to 110 samples weighing about 1 g were taken from the cotyledons selected randomly over the entire uterine wall. Full thickness sections were cut through the center axis of the cotyledons after they were separated from the underlying myometrium. These sections thus contained the maternal and fetal gas exchanging vessels. Samples of the underlying uterine wall were obtained separately. The tissue samples were weighed and placed in a well-type scintillation detector. The emissions at the photopeak for each individual isotope were counted for 30 sec with a scaler. We prepared radioautographs of the cotyledons and uterine wall, after the injection of 'I MAA.
The placental cotyledons and the uterine wall were weighed separately. In some cases the fraction of the placental weight contributed by fetal membranes and the cotyledons were also determined. Total radioactivity in the placenta was calculated by multiplying the average microcuries per gram of tissue by the total placental weight.
Calculations
The counts of the placental samples were expressed as microcuries after correction for background radiation, for overlap of 'I and 'I counts, and for internal absorption.
The percentages of the total microcuries recovered in each specimen were calculated by the formula:
per cent of total ,tc = (Ac in the sample/total uc in the placenta) X 100.
The per cent of placental weight that each sample represented was calculated by the formula:
per cent of total weight = (sample weight/total placental weight) X 100.
The relative activity for each sample was expressed as follows:
relative activity = per cent of total Mc/per cent of total w eight.
For example, if a tissue sample representing 2% of the total placental weight had 2% of the total radioactivity, its relative activity would be 2/2 or 1.0. plotted the ler cent of total weight for each of the various activity ratios from this smoothed curve.
Results Table I gives the weights of each mother, fetus, and placenta, the isotope given to each mother and fetus, and the per cent of recovered radioactivity in the uterus and placenta.
Breathing air. Fig. 1 a shows an ewe's opened uterus with its attached cotyledons of twin placentas. Scintillation scans of isotopes injected into the circulations of the mother and one of the fetuses are shown in Fig. 1 b and c , respectively. The scans demonstrated greater number of particles from both circulations within the cotyledons as contrasted with the surrounding uterine wall. But since some cotyledons are larger than others these scans do not accurately reflect blood flow per gram of tissue. It was for this purpose that the tissue samples were weighed and counted individually.
About 18% (range 6-22%) of the isotope injected into the ewes and bitches was recovered in the uterus and placenta (Table I) . Of the total amount of isotope recovered from the uterus and placenta about 907% (range 63-97%) was in the placenta, a value probably approximating that part of the total uterine flow received by the cotyledons.
The remaining fraction, about 10%, was in the uterine wall. About 30%o of the isotope injected into the fetal umbilical vein was recovered from the placenta. In two sheep (30, 32) about 3%o of the total fetal placental activity was located in the fetal membranes. Only a minute quantity of maternal or fetal isotope was found to have crossed the placental barrier. Fig. 2 shows the distribution of maternal, fetal, and maternal/fetal relative activities in Sheep 15. In these histograms the per cent of placental weight is plotted for each 0.1 increment of relative activity. The activity ratio 1.0 represents the mean value that would have been observed if the activity had been distributed uniformly.
The radioactivity injected into the maternal placental circulation was distributed unevenly. A markedly skewed unimodel pattern was seen. This is reflected in the finding that only about 50% of the placenta had a relative activity of within ± 50%o of its mean value (Table II) The fetal distribution of activity was also distributed nonuniformly. About 40% of the placenta had a relative activity within + 50% of its mean value. About 40%o had a relative activity less than 0.5, and 20%o had a relative activity of greater than 1.5. The median value of relative activity for fetal distribution was 0.7.
Regions of high maternal activity were not necessarily regions of high fetal activity. As Fig.  2 shows, the relation of maternal to fetal activity was markedly uneven. About one-third of the placenta had an activity ratio within + 50%o of the mean value. One-third had an activity ratio of less than 0.5, while another third had a ratio of more than 1.5. The median value of relative activity was 0.8. The correlation coefficient of maternal to fetal flow was low, (r = 0.066). The distribution of the maternal, fetal, and the ratio of maternal to fetal activity for the other sheep was also markably uneven. (Table II) .
In two of these studies the origins of placental specimens were located on a tracing of the entire placenta. Regions of high and low activity were interspersed in a random manner. Furthermore, the variation of activity among specimens from a single cotyledon was almost as great among the various cotyledons. For example, among six specimens from a single cotyledon in Sheep 15, maternal relative activity varied from 0.3 to 1.5, fetal relative activity ranged from 1.1 to 2.4, and the maternal fetal activity ratio varied from 0.15 to 0.5. These findings indicate that the uneven distribution of maternal and fetal activity in most experiments was not confined to a localized area as a result of the animal's position, the site of injection, or surgical handling. The one exception was the uterus of Dog 13 which showed decreased maternal activity in a horn of the uterus that had been exteriorized. This finding suggests that extreme care must be taken in studies of uterine placental circulation to avoid changing blood flow.
The average per cent of the placenta with various relative activities was calculated for all the sheep studies while breathing room air (Table II) . For the ratio of maternal to fetal activity 30%o of the placenta had a relative activity of less than 0.5, 20%o had a relative activity of more than 1.5, and only 50%o had a relative activity within We have therefore included nonparametric statis-of the isotope recovered from the uterus and tics such as the values of relative activity for the placenta was in the placenta (Table I) . median, first and third quartiles, and the inter- Fig. 3 shows the distribution of maternal, fetal, quartile range. (Table IV) .
and maternal/fetal relative activities in Sheep 23.
Breathing 10-12%o oxygen. In these five The distribution of activity was more uniform durstudies the maternal arterial Po2 was 40-47 mm ing hypoxia. For the maternal distribution, about Hg (normal 80-95 mm Hg) and Pco2 was 75%7 of the placenta had a relative activity be-25-27 mm Hg (normal 28 mm Hg). The Po2 of tween ± 50%o of the mean (Table III) . About The arrows indicate the median relative activity.
14% had a relative activity less than 0.5, and 11%
had a relative activity of more than 1.5. The fetal distribution of radioactivity was also more uniform with 75%o of the placenta having a relative activity within 50% of the mean. About 14%o had a relative activity of less than 0.5, and 11%o had a relative activity of more than 1.5.
The relation of maternal to fetal flow was more uniform. About 70%o of the placenta had an activity ratio within 50%o of the mean value. 16%o had an activity ratio less than 0.5, and 14%o had an activity ratio greater than 1.5. The coefficient of correlation for this study was high, (r = 0.30, P < 0.01). In the other animals similar patterns of distribution were seen (Table III) .
The average per cent of the placenta with various relative activities was calculated for the sheep in this group (Table III) . For the ratio of maternal to fetal activity 13%o of the placenta had a relative activity of less than 0.5, 10%o had a relative activity of more than 1.5, and 77%o had a relative activity within 50%o of the mean. The median values of relative activity for this group more closely approach 1.0. The first and third quartiles are also closer to the median value and the interquartile range is smaller than in the group breathing room air. (Table IV) .
Compromise of the fetal circulation. The scintillation scans of these studies showed that ligation of a major branch of the umbilical artery resulted in no fetal activity in one-fourth to onethird of the placenta.
In the remaining unoccluded regions of the placenta a more uniform distribution of maternal, fetal, and maternal/fetal relative activities was seen. (Table III and Fig. 4 ). For the maternal/ fetal distribution the corresponding value was about 71 %. The coefficients of correlation between maternal and fetal activities was high, (r = 0.35, P < 0.01). A similar pattern was seen in the other sheep.
The values of relative activity for the averages are given in Table III The validity of measuring the distribution of blood flow with MAA has recently been demonstrated by Tow et al. (8) . These authors found that the distribution of 51Cr-labeled erythrocytes and 131I-labeled MAA was the same in the lung, (r = 0.97) and also demonstrated that MAA particles were distributed normally in the lung with a SD of 20%o. Other authors have also demonstrated a high correlation in the distribution of microspherules of different densities in the gastric circulation (9) . The diameter of the macroaggregates follows a log normal distribution (8) . However, this variation in size would not in itself be responsible for the skewed distribution curves seen in our experiments at normal oxygen tensions since the particles above a critical size, presumably the blood vessel diameter, lodge irrespective of how much larger they are.
The size of MAA relative to placental vessels is critical since the aggregates must be filtered out on their first passage to reflect accurately the distribution of blood flow. Particle trapping seems likely on an anatomic basis since blood flow in both the maternal and fetal placental bed of sheep and dogs is within capillaries. Capillaries in the syndesmochorial placenta of sheep are 9-12 a in diameter (10) , and they are about the same size in the endotheliochorial placenta of the dog (11) . As noted earlier 89%o of the particles were over 9 tx in diameter. Tn one sheep and one dog uterine venous blood was serially sampled during and after the injection of MAA, and the uterineplacental extraction efficiency was about 89%o.
The fetal placental extraction efficiency was 93%o in a dog fetus in which MAA was injected into the umbilical artery.
Hemodynamic alterations in the placental circulation due to occlusion of blood vessels by the particles seems unlikely since in the lung no increase in pulmonary artery pressure was observed until the injected dose of MAA was increased to 10 mg/kg body weight (8) . This dose contains about 250,000 particles per gram of tissue, to be compared with 100-2000 particles per gram of cotyledon in the present studies.
A further consideration is that the small number of particles injected might limit statistically valid conclusions. However with 100 or more particles in the typical tissue sample a significant deviation from a normal distribution curve is highly unlikely. Injection of the particles into the maternal left ventricle and the fetal umbilical vein insured mixing in the blood before lodging in the placental vessels.
Finally, the observation that with maternal hypoxia the pattern of distribution of maternal and fetal placental blood flows becomes more uniform, approaching a normal curve suggests that the nonuniform patterns seen in the animals breathing air are not an artifact of the method.
Physiologic significance of nonuniform placental blood flow at normal oxygen tensions An intriguing finding of the present study was that maternal and fetal placental blood flows were distributed unevenly in relation to one another. Thus if diffusion equilibrium was approached in the end capillaries (5) Po2 must vary throughout the placenta and an uterine vein-umbilical vein Po2 will be expected. The reasons for this may be illustrated by calculations based on a model of the placenta. Assuming concurrent maternal and fetal placental flow (12, 13) of 500 ml/min in the exchanging capillaries, and two compartments, one with a maternal/fetal (QM/QF) ratio of 3.0, and another with a ratio of 0.33, in the first compartment the end capillary Po2 would be 53 mm Hg, and in the second it would be 32 mm Hg. Maternal blood leaving the first compartment would have an 02 content of 11.4 ml/100 ml while that from the other would have a content of 3.0 ml/100 ml. A favorable physiologic effect. of more uniform distribution was to achieve a better balance between the oxygen supplied in maternal blood and the transport capacity of fetal blood. In these circumstances the variation of Po2 is decreased throughout the placenta and less difference due to nonuniform flow is found in uterine vein and umbilical vein. In these ewes breathing 10-12% 02, the calculated Po2 difference due to uneven maternal/fetal flows averaged 5 mm Hg.
Clinical significance of placental blood flow pattern Several pieces of evidence imply that there is normally some reserve capacity of placental exchange such as might be achieved by a redistribution of blood flow. It has been observed in abruptio placenta with one-fourth to one-third of the placenta separated from the uterine wall that the fetus may survive for a limited time (16 (19) . Our studies suggest that these observations may be explained by a more uniform distribution of maternal and fetal blood flow.
